We consider the class of models where Dirac neutrino masses at one loop and the dark matter stability can be obtained using only the global U (1) B−L symmetry already present in Standard Model. We discuss how the residual Z n subgroup, left unbroken after the breaking of U (1) B−L , dictates the neutrino nature, namely if they are Dirac or Majorana particles, as well as determines the stability of the dark matter candidate in such models. In particular, we show that without the correct breaking of U (1) B−L to an appropriate residual Z n symmetry, the Dirac nature of neutrinos and/or dark matter stability might be lost. For completeness we also provide some examples where the dark matter stability is accidental or lost completely. Finally, we discuss one example model where the Dirac neutrinos with naturally small one loop masses as well as dark matter stability, are both protected by the same residual Z 6 subgroup, without need for adding any new explicit or accidental symmetries beyond the Standard Model symmetries.
INTRODUCTION
The Standard Model is the best description we have so far to explain all the observed fundamental particles and their interactions, namely the strong and electroweak phenomena. However, the Standard Model predicts that neutrinos are massless particles and lacks a candidate to account for the dark matter relic abundance in the Universe [1] .
Neutrino oscillation experiments indicate that at most one active neutrino can be massless [2] [3] [4] [5] but there is no experimental hint pointing towards the exact mechanism to generate mass for neutrinos. In this regard, the most popular approach to alleviate this Standard Model shortcoming is to assume that neutrinos are Majorana in nature and invoke the socalled Majorana seesaw mechanisms [6] [7] [8] [9] [10] [11] . In fact, independent of the Dirac/Majorana nature of neutrinos and the details of mass generation mechanism, neutrino mass generation always requires the existence of new particles and/or symmetries [12, 13] .
From the theoretical perspective it is very tempting to think that one of the new fundamental fields added to the Standard Model to generate the neutrino mass might be a potential dark matter candidate. The connection between dark matter and the neutrino mass naturally arises when the mass generation mechanism is at the loop level. The simplest realization of this idea is achieved within the scotogenic model [14] . Besides the Standard Model particle content, in this scenario the neutrino mass is generated at the one-loop level by assuming the existence of SU(3) C ⊗ SU(2) L ⊗ U(1) Y gauge singlet fermions and an extra SU (2) L doublet scalar with vanishing vacuum expectation value (vev). All these new particles carry an odd charge under a global Z 2 -symmetry. This additional Z 2 symmetry remains unbroken after the electroweak symmetry breaking (EWSB). It stabilizes the dark matter candidate and forbids the appearance of Majorana mass terms for the neutrinos at tree-level.
Following the scotogenic idea, here we will consider a class of models [15] where II. Neutrino mass is generated at one loop level.
III. In scotogenic spirit, the intermediate particles in the loop belong to a "dark sector" with the lightest particle among them being a good candidate for stable dark matter.
Typically, one needs to invoke several additional symmetries to achieve this. However, as has been shown in [15] , for certain models this can be achieve only through the global U (1) B−L of the Standard Model 2 . In this setup the global U (1) B−L symmetry of Standard Model is broken down to its residual Z n ; n ∈ Z + subgroup. Since we require neutrinos to be Dirac particles, this residual symmetry should be such that it can protect the Dirac nature of neutrinos as well as stabilize the dark matter candidate [15] . This can be successfully done only if the breaking U (1) B−L → Z n is achieved in a correct manner such that an appropriate Z n subgroup is left unbroken. Not all Z n subgroups of U (1) B−L can do this job. The criterion for such an appropriate residual Z n are also listed down in [15, 16] . In this paper we aim to construct a class of models and analyze them in details, in order to highlight the crucial role that the residual Z n plays in protecting the Dirac nature of neutrinos as well as in dark matter stability.
This work is organized as follows: in the next section we describe how the residual symmetry is connected to the neutrino nature. In section 3 the list of possible realizations to generate the neutrino mass dynamically is given. In order to highlight the important role of the residual symmetry in ensuring the dark matter stability, we provide several explicit examples in Section 4, where, due to lack of an appropriate residual symmetry, the dark matter stability is lost. For completeness we also give examples of the cases where an additional accidental symmetry might be present in the model leading to dark matter stability. In Section 5 we present a model where the residual Z 6 symmetry protects both the stability of the dark matter candidate and Dirac nature of neutrinos. We conclude after that.
RESIDUAL SYMMETRIES AND THE NEUTRINO NATURE
Typically in high energy physics models, when a symmetry G is broken down either spontaneously or explicitly, a subgroup of it remains unbroken. This unbroken subgroup G res we refer to as the residual subgroup. It is this residual subgroup G res and not the full group G, which dictates the dynamics of a given theory at energy and temperatures below the scale of G breaking. The most well known example of this is provided by Standard Model itself. In Standard Model the gauge group SU(3) C ⊗ SU(2) L ⊗ U(1) Y is spontaneously broken down to a residual subgroup G res ≡ SU(3) c ⊗ U(1) em by the vev of the Higgs. Below the electroweak breaking scale, the dynamics of the Standard Model is dictated by the unbroken residual subgroup SU(3) c ⊗ U(1) em . Apart from this well known example, residual symmetries occur in almost all beyond Standard Model (BSM) extensions, with SU(3) C ⊗ SU(2) L ⊗ U(1) Y itself being a residual subgroup in most of the BSM gauge extensions. Coming back to neutrinos, the residual symmetries play an important role in determining the Dirac/Majorana nature of neutrinos and might also be responsible for dark matter stability. We first highlight their role in determining the nature of neutrinos before discussing their role in dark matter stability.
To see the important role played by residual symmetries in determining the nature of neutrinos, recall that apart from SU(3) C ⊗ SU(2) L ⊗ U(1) Y gauge symmetries, the Standard Model also has two other symmetries namely Lepton number U (1) L and Baryon number U (1) B symmetries. The combination U (1) B−L can be rendered anomaly free if we extend the Standard Model particle content by adding three right handed neutrinos ν R i ; i = 1, 2, 3 either carrying vector charges (−1, −1, −1) or chiral charges (−4, −4, 5) under U (1) B−L symmetry [30] [31] [32] [33] . Given that the Standard Model lepton doublets L i ; i = 1, 2, 3 carry [34] .
⇒ Neutrinos can be Dirac or Majorana
Now, if the U (1) B−L is broken to a Z 2n subgroup, then one can make a further classification depending on how the L i transform,
where ω = e 2πI/2n ; ω 2n = 1 is the 2n-th root of unity.
In order to understand better our last statement, one can take, for instance, the dimension-5 Weinberg operator [35] for Majorana neutrino massL c LHH (where L and H are SU (2) L lepton and scalar Higgs doublets, respectively) which basically breaks lepton number leaving a residual Z 2 symmetry unbroken. Neutrinos will be Majorana in this case as it satisfies the criterion for Majorana neutrinos, listed in (2) . As an example of a ultra violet (UV) completion, one can take the type-I seesaw mechanism, where three RH-neutrinos are added to the Standard Model , transforming as (ν R i ) ∼ (−1) (with i = 1, 2, 3) under the global U (1) B−L symmetry. In order to generate the Majorana mass term for neutrinos, a lepton number breaking term leading to U (1) B−L → Z 2 has to be added to the Lagrangian. Hence,
where we have omitted the flavor indices for convenience. In this case the mass term M Rν c R ν R softly breaks the U (1) B−L → Z 2 and hence neutrinos are Majorana in nature. On the other hand, if a dynamical origin of the neutrino mass is demanded, one has to further assume the existence of a scalar singlet σ with non-trivial charge under U (1) B−L , i.e. σ ∼ ±2 should be chosen. As consequence, the vev of this scalar σ will break U (1) B−L → Z 2 ultimately generating the Majorana mass for neutrinos [8, 10] .
To obtain Dirac neutrinos one must break U (1) B−L → Z n with n ≥ 3 as the residual subgroup Z 2 always leads to Majorana neutrinos in accordance with (2) . While traditionally mass models for Majorana neutrinos have garnered lot of attention, in recent years Dirac neutrino mass models are enjoying a resurgence of sorts with various seesaw [20, 21, 23, [31] [32] [33] [36] [37] [38] [39] [40] [41] [42] [43] and loops models [15, 22, 24, 25, 27, 28, [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] considered in literature 4 . The operator based classification of such models at dimension-4 [58] , dimension-5 [13, 59] and dimension-6 [60, 61] have also been considered. From now on, our focus is to explain the smallness of the neutrino mass when neutrinos are Dirac particles in nature. That is, there should be a dynamical mass mechanism behind the Dirac neutrino mass generation. In order to have a natural explanation for smallness of Dirac neutrino masses, it is desirable to forbid the tree-level neutrino Yukawa coupling L ν ⊃ y νLH ν R . This coupling can be forbidden in many ways, for example by imposing flavor symmetries [21, 23] or even by a simple Z 2 symmetry [20] . It can be automatically forbidden by the U (1) B−L symmetry itself, if we use the chiral solution of (ν Ra , ν R 3 ) ∼ (−4, 5) (with a = 1, 2), as was shown for the first time in [31] [32] [33] . The operator that generates the neutrino mass will then appear at higher dimensional level. For this to happen, a singlet scalar field χ ∼ 3 under the U (1) B−L has to be added in order to generate the mass of at least two neutrinos through a dimension 5 operator. The dimension 5 operator then is given by
where Λ is the scale of UV completion. The mass of the third neutrino can also be generated by either the dimension-6 term
or by adding a new singlet scalar χ 6 ∼ 6 under U (1) B−L such that the dimension-5 term
is also allowed by the U (1) B−L symmetry. The UV completion of such operators is model dependent, as we will discuss in Section 3. Since the field χ ∼ 3 under U (1) B−L , its vev will break U (1) B−L → Z 3m ; m ∈ Z + . The exact residual Z 3m subgroup will depend on the details on the UV completion, a fact we discuss in further details in Section 4. Also, note that, since the U (1) B−L charge of χ 6 ∼ 6 is a multiple of the charge of χ ∼ 3, the addition of χ 6 in a given UV complete model will not change the nature of the residual Z 3m symmetry. Before moving on let us briefly see the various possible ways the operator in (4) can be UV completed at one-loop. In this section we provide the topologies and all possible one-loop diagrams for the dimension-5 operatorLH χ ν Ra , that generate Dirac neutrino masses. We have associated each topology to graphs or Feynman diagrams without taking into account their Lorentz nature. We understand as diagrams when the fermion and scalar lines are specified. We consider the case where the neutrino masses arise after spontaneous breaking of the SU(3) C ⊗ SU(2) L ⊗ U(1) Y and U (1) B−L symmetry. Under this requirement the lowest order comes from topologies at dimension-5 [27] , as shown in Figure 1 . This implies that in the diagrams corresponding to topologies T1 and T2, two external legs are fermions (continuous lines) and the others are scalars (dashed lines). One of these scalars corresponds to the Standard Model Higgs doublet which is responsible for the EWSB and the other one, the scalar singlet χ, is assigned to break U (1) B−L symmetry.
ONE-LOOP TOPOLOGIES OF THE OPERATORLH χ ν
It turns out that within the T1 topology there is only one possible diagram, called T1-1 in Figure 1 . There are two possible realizations of such a diagram depending on whether the internal fermions are SU (2) L doublets or singlets 5 . This is in contrast to the classification provided in [27] . For the T2 topology three different dimension-5 diagrams (T2-1, T2-2, 5 In this work we restrict to only colorless SU (2) L singlet and doublet representations. Models with intermediate fields carrying non-trivial color, exotic hypercharge or having higher SU (2) L representations are also possible but will not be considered here.
T2-3) can be drawn. In this case the different models that can be constructed also depend on the SU (2) L representations of the internal fields. It is important to mention that all these diagrams are genuine in the sense that there is no lower order contribution to neutrino mass. That is, there is no tree-level contribution to the neutrino mass generation out of the matter content for these cases. Note that within a model where the neutrino mass is generated through a T2-1 diagram it can have a T1-1 diagram when the scalar on top is integrated out. Regardless this, T2-1 remains being genuine under our previous definition. Having considered all possible topologies and diagrams for one loop realization of the operator LH χ ν Ra we now turn to the scenarios where the intermediate particles can belong to a dark sector with the lightest one being a potential dark matter candidate. The dark matter stability in such scenarios again depends crucially on the residual Z n symmetry which we discuss with explicit examples in next section.
RESIDUAL SYMMETRY AND DARK MATTER STABILITY
We already saw the crucial role the residual symmetries play in determining the Dirac or Majorana nature of neutrinos. They play an equally important role in determining the stability of the potential dark matter candidate in a given model. In this section we elucidate this role further by taking the one loop completion of the dimension-5 operatorL iH χ ν Ra ; i = 1, 2, 3 and a = 1, 2 of previous section and scrutinizing it in more details.
As discussed in details in Section 2, taking the anomaly free solution with ν R = (−4, −4, 5) under U (1) B−L has the advantage that the tree level Yukawa term is automatically forbidden. However, the dimension-5 operatorLH χ ν Ra is allowed by U (1) B−L and paves way for generating small Dirac masses at one loop level as shown in [15, 27] . Once the scalar χ carrying 3 units of U (1) B−L charge gets vev, the U (1) B−L symmetry is broken to a residual Z n subgroup. In such a setup, without adding any extra symmetry, the intermediate particles running in the loop can in principle be arranged to belong to the "dark sector" with the lightest of them being potentially stableà la scotogenic mechanism [14] . However, whether such a potential dark matter particle will be stable or not is dictated by the residual Z n subgroup and not by the U (1) B−L symmetry [15, 16] . In this section we demonstrate this fact explicitly by taking the model realizations of the T1 topology of Section 3. A similar analysis can also be done for all other diagrams belonging to the T2 topology.
The first thing to notice is that when U (1) B−L → Z n , the type of residual Z n subgroup that is left unbroken depends on the vev of the U (1) B−L charge carrying scalar as well as on the details of charges of the intermediate fields required for UV completion. For the operatorL iH χν Ra ; i = 1, 2, 3 and a = 1, 2, since χ ∼ 3 under B − L, the residual Z n subgroup can only be a Z 3m ; m ∈ Z + group. However, exactly which Z 3m is left unbroken Table I . As shown in Table I , the one-loop neutrino mass can be generated for all values of the U (1) B−L charge q. However, the residual symmetry in all cases need not be same. To begin with, lets consider the cases where q ∈ Z i.e. q only takes integer values. In all such cases the lowest U (1) B−L charge in the model is ±1, the charge of the lepton doublets L i . Since, χ ∼ 3 under U (1) B−L , its vev will then break U (1) B−L → Z 3 . The residual Z 3 symmetry, being an odd Z n group, is enough to protect the Dirac nature of neutrinos in accordance with (1) . The one loop Dirac neutrino mass realization for q ∈ Z − and q ∈ Z + are shown in Figure 2a and in Figure 2b , respectively. Notice that the SU(3)
fermions N L and N R simple switch roles for the q ∈ Z − and q ∈ Z + cases. Notice that the neutral components of the intermediate particles in the loops of Figure 2 can in principle belong to the "dark sector" with the lightest of them being a good dark matter candidateà la scotogenic model. Although the residual Z 3 symmetry is enough to protect the Dirac nature of neutrinos, it is not enough to protect the stability of a potential dark matter candidate. In fact, as has been argued in [15] , any odd Z n subgroup of U (1) B−L , on its own cannot protect the dark matter stability in models employing scotogenic mechanism. The dark matter stability in all such models has to be achieved either by adding another explicit symmetry or by choosing "exotic" U (1) B−L charges for the intermediate fields such that an accidental symmetry also appears in the model. We now further elaborate on this by looking case by case at models with q = 0, · · · ± 6. We start with looking at the cases where the dark matter stability is completely lost and then move on to the cases where a new accidental symmetry comes into play.
q = ±1 case
Let's start with the simplest case of q = ±1. For definiteness we take the case of q = −1 but analogous discussion can be carried out for q = +1 case as well. The one loop neutrino mass generation diagram along with the residual Z 3 charges is shown in Figure 3a .
(a) The q = −1 case, raditative neutrino mass generation diagram along with residual Z 3 charges.
Analogous diagram can be drawn for q = +1 case, following Figure 2b .
(b) The mixing and decay diagrams of dark sector particles, ultimately leading to the decay of potential dark matter candidate.
Figure 3:
The raditative neutrino mass generation diagram and the mixing and decay diagrams of dark sector particle, for the q = −1 case. Anologous diagrams can also be drawn for q = +1 case with N L and N R switching their roles like in Figure 2a and Figure 2b However, for this case the Yukawa termLHN R is also allowed by the symmetry. This term leads to mixing as well as decay of the N R fields as shown in Figure 3b . Since N R is a "dark sector" field, this coupling ultimately provides a channel for the dark matter decay, even if N R itself is the not the dark matter candidate. This is because just like in scotogenic model, here also, all intermediate fields can "decay" among each other. If one of them has a decay channel to Standard Model particles or to the new external fields ν R , χ, then any potential dark matter candidate will ultimately decay by first going to real/virtual N R which will finally decay to ν L and H as shown in Figure 3b. 
q = ±2 case
For the q = −2 case, the Feynman diagram leading to neutrino mass generation along with the residual Z 3 charges of the fields is shown in Figure 4a . As before the case of q = 2 can be analogously discussed with N L and N R fields switching their roles. Analogous diagram can be drawn for q = +2 case, following Figure 2b . Shown also, the decay diagram of dark sector particle, ultimately leading to the decay of potential dark matter candidate.
In this case one can again write down a dimension-4 termN c R ν R 3 χ * which leads to the decay of N R field as shown in Figure 4b . As can be seen from Figure 4b , the residual Z 3 symmetry does not forbid this decay. Now, sinceN c R is a dark sector particle, its decay channel ultimately provides a decay path for any potential dark matter candidate. Thus, the dark matter stability is again lost.
q = ±3 case
Turning to the q = ±3, the Feynman diagram for neutrino mass generation is shown in Figure 5a . The diagram in Figure 5a is drawn for the case q = −3 but a similar diagram can also be drawn for q = +3 case.
(a) Neutrino mass diagram for q = −3 case.
The decay diagram of dark sector particle. In this case the dimension-4 operator ξν Ra ν R 3 connecting intermediate scalar ξ to right handed neutrinos ν Ra ν R 3 is allowed by the symmetries. This operator leads to decay of ξ to right handed neutrinos as shown in Figure 5b . As can be seen from Figure 5b , this decay is again allowed by the residual Z 3 symmetry. Since ξ is a dark sector field, its decay ultimately implies decay of any potential dark matter candidate. Thus, the dark matter stability is again explicitly lost.
q = ±4 case
For the case of q = −4, the neutrino mass diagram is as shown in Figure 6a . A similar diagram can also be drawn for the q = +4 case as well.
In this case there is a direct couplingN L ν Ra between the intermediate field N L and the right handed neutrinos ν Ra as shown in Figure 6b . This coupling leads to mixing between the two fields which is allowed by the residual Z 3 symmetry. Owing to this mixing, all the dark sector particles, including any potential dark matter candidate, again have a decay channel available to them. Thus, in this case as well, the dark matter stability is explicitly lost.
(a) Neutrino mass diagram for q = −4 case.
(b) The mixing diagram of dark sector particle.
Figure 6:
The q = −4 case for raditative neutrino mass generation and mixing diagram of dark sector particle. Analogous diagram can be drawn for q = +4 case.
q = ±5 case
The Feynman diagram leading to the neutrino mass generation for q = −5 is shown in Figure 7a . A very similar diagram can also be drawn for the q = +5 case with the fields N L and N R switching their roles.
Figure 7:
The q = −5 case for raditative neutrino mass generation and mixing diagram of dark sector particle. Analogous diagram can be drawn for q = +5 case.
In this case, analogous to the q = ±4 case, their is a direct couplingN c R ν R 3 allowed by the symmetries. This leads to the mixing between these two fields as shown in Figure 7b . Again this mixing is allowed by the residual Z 3 symmetry and it ultimately leads to the decay of any potential dark matter candidate.
6. Accidental symmetry: The q = 0 and q = ±6 cases Finally we turn to the cases where an additional accidental symmetry of the model leads to dark matter stability. The presence of accidental symmetries as well as stability of particles owing to accidental symmetries is not a new concept. In the Standard Model the Lepton U (1) L and Baryon number U (1) B appear as accidental symmetries of the model [35] . As we already saw, the combination U (1) B−L and its residual symmetries are intimately connected with the Dirac/Majorana nature of neutrinos. The other combination U (1) B+L is responsible for stability of proton. Its breaking pattern and residual symmetries are intimately connected with not only stability of proton but also dictate the possible proton decay channels [62] [63] [64] . Just like the accidental U (1) B+L protects proton decay in Standard Model , in many dark matter models an accidental symmetry can protect dark matter decay [24, 27, 65] . A well know example of this is the case of "minimal dark matter" where even after the SU(2) L ⊗ U(1) Y → U(1) em , dark matter remains stable thanks to an accidental symmetry present in the model [65] .
In our setup where U (1) B−L → Z 3 , the cases of q = 0 and q = ±6 provide such examples. The Feynman diagrams for neutrino mass generation are shown in Figure 8 . As can be seen from Figure 8 , the intermediate fermions N L , N R do not carry any charge under the residual Z 3 symmetry and hence their decays are not protected by it. Furthermore, although the scalar field ξ does carry Z 3 charge, still its decay ξ → ν R is allowed by the residual symmetry. Thus, the dark matter stability in both these cases is not protected by the residual Z 3 symmetry. Still the dark matter particle in both these cases is stable thanks to presence of an accidental symmetry in the model.
The presence of an accidental symmetry in both these cases can be seen from the fact that in the unbroken phase the U (1) B−L symmetry allows one to write down decay terms like η † Hν Ra ν R 3 (for q = 0) and ξχν (for q = ±6). Yet with the particle content of these models, see Table I , these decay operators cannot be UV completed, clearly indicating presence of an accidental symmetry stabilizing dark matter. This situation is akin to the proton stability in Standard Model where again the gauge symmetries allow non-renormalizable proton decay operators which cannot be UV completed with the particle content of Standard Model [35] . In fact, similar analysis can be carried out for q < −6 or q > 6. In each case it can be shown that the residual Z 3 alone cannot stabilize dark matter. In fact it has been shown in [15] , arguing at very general grounds that any odd residual Z n symmetry and in particular Z 3 symmetry cannot stabilize dark matter. However, appropriately chosen even Z n residual symmetries can indeed stabilize dark matter while simultaneously protecting the Dirac nature of neutrinos. In next section we present one such example. For the most general treatment we refer to [15] .
DIRAC NEUTRINOS AND DARK MATTER STABILITY FROM
We already saw that U (1) B−L → Z 3 can protect the Dirac nature of neutrinos but Z 3 being an odd group, cannot provide dark matter stability. However, if U (1) B−L → Z 2m , m ∈ Z + , m ≥ 3; then one can indeed have dark matter stability as well as protect Dirac nature of neutrinos in a scotogenic like setup [15] . In this section we show this by explicitly constructing one such example where:
I. Neutrinos are Dirac in nature.
II. Neutrino mass is generated at one loop level.
III. The intermediate particles in the loop belong to a "dark sector" with the lightest particle among them being a good candidate for stable dark matter.
We achieve this by U (1) B−L → Z 6 in the ν R = (−4, −4, 5) setup with the residual Z 6 protecting both Dirac nature of neutrinos and dark matter stability. An alternative model to the one considered here, was also constructed in [15] which the interested reader can consult for more details 6 .
To start with, recall that as discussed before, since the scalar field χ ∼ 3 under U (1) B−L symmetry, its vev breaks U (1) B−L → Z 3m ; m ∈ Z + . However, exactly which residual Z 3m
symmetry is left unbroken depends on the details of the UV completion and in particular on what is the lowest U (1) B−L charge in the full UV complete theory. In the case when the Standard Model lepton doublets L i carry the lowest charge i.e. the lowest charge is ±1, then the residual symmetry is Z 3 . But in case when there is a smaller charge present in the UV complete model, the residual symmetry will be different. For example, if the lowest U (1) B−L charge in the model is ±1/2 then the residual symmetry becomes Z 6 while for the lowest charge of ±1/3, the residual symmetry will be Z 9 , and so on. We will exploit this feature now to break U (1) B−L → Z 6 by introducing intermediate particles with ±1/2 charges.
For sake of uniformity and to allow quick comparison, we again take the first topology described in Section 3 and construct a topologically similar model to the ones considered in Section 4. We construct a Standard Model extension where the residual symmetry Z 6 , stemming from the spontaneous symmetry breaking of U (1) B−L , protects the stability of the dark matter candidate and the Dirac nature of neutrinos. As before we demand that the model is anomaly free. Hence, again the simplest option is to consider that the RH-neutrinos transform as (ν Ra , ν R 3 ) ∼ (−4, 5) (with a = 1, 2) under the U (1) B−L symmetry. In order to complete the diagram, as before, we need to introduce three additional scalars, χ, ξ and η. The former one is responsible for breaking the U (1) B−L symmetry and the other two will be required to UV complete the model and will belong to the dark sector. A pair of neutral fermions N L , N R are also needed and these along with the scalars ξ and η are part of the dark sector with the lightest of them being a good dark matter candidate. In Table II we summarize the matter content and the charge assignments of the model. The right column with Z 6 label indicates the charge of the particles under the residual Z 6 symmetry. Table II : Matter content and charge assignments of the model. Here Z 6 is the residual symmetry with ω = e 2πI/6 ; ω 6 = 1.
Notice that the intermediate particles carry U (1) B−L charges in units of 1/2. Owing to presence of these particles, the vev of χ now breaks U (1) B−L → Z 6 . The charges of the fields under the residual Z 6 are also listed in Table II . Since the lepton doublets L i transform as ω 4 under Z 6 , therefore in accordance with (1) and (2), the neutrinos will be Dirac fermions with their Dirac nature protected by the Z 6 symmetry.
The invariant Lagrangian of the theory that describes the neutrino interactions is given by,
whereη = iτ 2 η * and we are omitting flavour indices for convenience. The relevant term, in the scalar potential, to generate the Dirac neutrino mass is given by
where λ D is an dimensionless quartic coupling.
After spontaneous symmetry breaking two neutrinos acquire a mass through the loop depicted in Figure 9 . Note that only two RH-neutrinos, ν R 1 and ν R 2 , get mass after spontaneous symmetry breaking. The third one ν R 3 remains massless which is consistent with the current experimental data [5] . Furthermore, it is trivial to extend this simple model by adding another vev carrying scalar χ 6 ∼ 6 under U (1) B−L to generate mass for the third neutrino. As mentioned before, since the U (1) B−L charge of χ 6 is just an integer multiple of the charge of χ field, presence of χ 6 in the model will not change the U (1) B−L → Z 6 breaking pattern.
Apart from protecting the Dirac nature of neutrinos, the residual Z 6 symmetry also protects the dark matter from decay. To see this, notice that under the Z 6 symmetry all intermediate particles carry odd units of the fundamental charge ω, while all the Standard Model particles as well as ν R and χ carry even units of ω charge. Thus, just like in scotogenic models, here also the intermediate particles split into a separate "dark sector" with the decay of any dark sector particle to only Standard Model particles or to ν R and χ, forbidden by the residual Z 6 symmetry. Therefore, the lightest of the dark sector particles becomes a good candidate for dark matter with its stability protected by the residual Z 6 symmetry. An alternative model employing similar mechanism is also discussed in [15] which can be consulted for more details. For a similar treatment for Majorana neutrinos, we refer to [16] .
CONCLUSIONS
We have discussed the importance of residual symmetries for models that try to make a connection between dark matter stability and the Dirac nature of neutrinos. We showed that in absence of any other conserved symmetry beyond Standard Model symmetries, the Dirac/Majorana nature of neutrinos is dictated by the residual Z n symmetry left unbroken after U (1) B−L breaking. We then discussed the possible one loop realization of the models that can be constructed where Dirac neutrino mass has a dynamical origin at the 1-loop level. These models employ the chiral solutions to U (1) B−L anomaly free solution. Therefore, the tree level dimension-4 Yukawa term between left and right neutrinos is automatically forbidden by the U (1) B−L . The small Dirac mass for neutrinos is then generated through one loop realizations of the dimension-5 operatorLHχν R .
For such one loop models we also discussed how the same residual Z n symmetry protecting the Dirac nature of neutrinos, can also protect the dark matter stability by employing a scotogenic like mechanism. We showed that in such scenarios, not all Z n subgroups can protect the dark matter stability. To this end we gave several examples where the dark matter stability is lost as it is unprotected by the residual Z n subgroup. For completeness we also discussed scenarios where a new accidental symmetry might be present in the model, thus protecting the dark matter stability. Finally, we constructed an explicit model with U (1) B−L → Z 6 breaking pattern, where the Dirac nature of neutrinos and dark matter stability are indeed simultaneously protected by the residual Z 6 symmetry.
